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Abstract 


Many  alternative  strategies  to  immobilize  and  stabilize  enzymes  have  been 
investigated  in  recent  years  for  applications  in  biosensors.  The  entrapment  of  enzymes 
within  silica-based  nanospheres  formed  through  silicification  reactions  provides  high 
loading  capacities  for  enzyme  immobilization,  resulting  in  high  volumetric  activity  and 
enhanced  mechanical  stability.  Here  we  report  a  strategy  for  chemically-associating  silica 
nanospheres  containing  entrapped  enzyme  to  a  silicon  support.  (3-Galactosidase  was  used 
as  a  model  enzyme  due  to  its  versatility  as  a  biosensor  for  lactose.  The  immobilization 
strategy  resulted  in  a  three-dimensional  network  of  silica  attached  directly  at  the  silicon 
surface,  providing  a  significant  increase  in  surface  area  and  a  corresponding  3.5-fold 
increase  in  enzyme  loading  compared  to  enzyme  attached  directly  at  the  surface.  The 
immobilized  [3-galactosidase  prepared  by  silica  deposition  was  stable  and  retained  more 
than  80%  of  its  initial  activity  after  10  days  at  24°C.  The  ability  to  generate  three- 
dimensional  structures  with  enhanced  loading  capacity  for  biosensing  molecules  offers 
the  potential  to  substantially  amplify  biosensor  sensitivity. 
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Introduction 


Enzymes  are  commonly  used  in  biosensors  because  of  their  high  specificity. 
Biosensor  applications  require  a  highly  active  immobilized  enzyme  system  that  allows 
the  maintenance  of  an  efficient  connection  between  the  sensing  molecule  and  the 
transduction  component  of  the  biosensor.  Because  of  their  moderate  stability,  many 
alternative  strategies  to  immobilize  and  stabilize  enzymes  have  been  explored  to  improve 
the  feasibility  and  applicability  of  a  wide  range  of  biosensor  applications.  Such  strategies 
include  covalent  immobilization,  physical  adsorption,  cross-linking,  encapsulation,  or 
entrapment  (Boyukbayram  et  al.  2006;  Letant  2004;  Malhotra  et  al.  2005;  Rauf  et  al. 
2006;  Subramanian  et  al.  1999). 

Clearly,  enzyme  loading  will  be  increased  in  a  relatively  thick  densely-packed 
layer  as  opposed  to  a  thin  adsorbed  or  covalently  attached  monolayer.  Diffusion  and  mass 
transfer  limitations,  however,  can  limit  the  sensor  signal  to  only  a  proportion  of  the 
enzyme  that  is  active  at  (or  near  to)  the  sensing  element  (Williams  and  Blanch  1994).  The 
search  for  a  strategy  that  allows  an  increase  of  the  surface  area  with  the  concomitant 
increase  in  sensitivity  of  the  biosensor,  without  compromising  the  activity  of  the  sensing 
molecule  is  therefore  an  important  advancement  in  biosensor  design  (Charles  et  al.  2004; 
Laurell  et  al.  1995;  Luckarift  2006a;  Vepari  2006). 

The  sol-gel  encapsulation  of  enzymes  has  recently  undergone  important 

developments  motivated  by  its  wide  applications  in  biosensors  (Avnir  et  al.  2006;  Pierre 
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2004).  Nevertheless,  one  of  the  primary  drawbacks  of  the  sol-gel  technique  is  enzyme 
leakage  (Blandino  et  al.  2000).  The  problem  has  in  some  instances  been  addressed  by 
designing  protocols  for  the  preparation  of  matrixes  with  a  pore  size  adequate  to  allow  the 
flow  of  substrates  and  products  but  small  enough  to  prevent  the  elution  of  the  entrapped 
biocomponent  (Blandino  et  al.  2001;  Lu  et  al.  2006). 

The  entrapment  of  enzymes  through  biomimetic  silicification  reactions  provides 
an  efficient  method  for  the  preparation  of  robust  immobilized  derivatives  of  a  variety  of 
enzymes  (Beme  et  al.  2006;  Luckarift  2006b;  Luckarift  et  al.  2004).  Among  the 
advantages  of  the  immobilization  technique  are  an  absence  of  enzyme  leaching  and  good 
mechanical  properties;  both  key  criteria  for  biosensor  purposes.  The  study  of 
silicification  reactions  has  recently  provided  chemical  mechanisms  for  biological  silica 
formation  (Belton  2005;  Kroger  et  al.  2001;  Sumper  2004).  Amino  groups  have  proven  to 
be  crucial  in  the  reactions,  leading  us  to  explore  the  possibility  of  directly  involving 
amino  groups  from  a  functionalized  surface  in  the  precipitation  of  silica  as  a  simple 
method  to  covalently  associate  silica-immobilized  enzymes  directly  and  simultaneously 
to  a  planar  surface.  Glutaraldehyde  and  APTS  are  common  coupling  agents  used  in 
binding  proteins  to  silicon  surfaces  (Longo  et  al.  2006;  Williams  and  Blanch  1994). 
APTS  is  used  to  functionalize  the  surface,  forming  amino  groups  which  are  further 
activated  with  glutaraldehyde  to  form  a  layer  of  aldehyde  groups  which  react  with  the 
amino  groups  of  protein.  Here,  the  strategy  was  used  to  immobilize  P-galactosidase  to  a 
glutaraldehyde-activated  silicon  surface,  p-galactosidase  was  used  as  a  model  enzyme 

because  it  has  been  well  characterized,  is  readily  quantified,  and  has  been  incorporated  in 

4 


several  types  of  biosensors  for  the  detection  and  quantification  of  lactose  (Goktug  et  al. 
2005;  Shanna  et  al.  2004;  Tkac  et  al.  2000;  Watanabe  1991). 

Materials  and  Methods 

Chemicals 

p-Galactosidase  from  E.  coli  (Grade  VIII),  monoclonal  anti-P-galactosidase  antibody 
produced  in  mouse  (G6282),  (3 -Aminopropyl)triethoxy silane  (APTS)  and  glutaraldehyde 
(grade  II,  25%)  were  obtained  from  Sigma-Aldrich.  Secondary  Antibody;  FITC 
(Fluorescein  Conjugate),  Polyclonal  Goat  Anti-Mouse  IgG  was  purchased  from  Southern 
Biotech.  The  synthetic  peptide  R5,  (SSKKSGSYSGSKGSKRRIL)  was  obtained  from 
New  England  Peptides.  Potassium  phosphate  buffer  (25  mM,  pH  7.0)  was  used 
throughout  unless  otherwise  indicated.  All  other  reagents  were  of  analytical  grade. 

Functionalization  of  the  silicon  samples 

Single-crystalline  lightly-doped  silicon  wafers  (0.5  x  0.5  cm  squares)  were  kindly 

donated  by  Jae  Hyeong  Seo  and  Prof.  Oliver  Brand  from  the  School  of  Electrical  and 

Computer  Engineering  at  Georgia  Institute  of  Technology.  A  cleaning  step  was  carried 

out  in  10%  nitric  acid  at  80°C  for  20  min  followed  by  thorough  rinsing  with  distilled 

water.  The  cleaned  silicon  wafers  were  activated  as  described  previously  (Williams  and 

Blanch  1994).  All  solutions  were  applied  by  placing  20  pi  onto  the  sample  surface. 

Amino-activated  silicon  samples  were  prepared  by  incubating  with  10  %  APTS  (v/v)  in 

distilled  water  for  4  hours  at  80°C  before  rinsing  thoroughly  with  distilled  water.  For 
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glutaraldehyde-activated  silicon  samples,  the  surface  was  subsequently  incubated  with  15 
%  (v/v)  glutaraldehyde  in  buffer  at  25°C  for  a  minimum  of  8  hours.  Excess 
glutaraldehyde  was  removed  by  thoroughly  rinsing  with  distilled  water. 

Enzyme  activity  assays 

P-galactosidase  activity  was  detennined  spectrophotometrically  by  increase  in  absorbance 
at  405  mn  caused  by  the  hydrolysis  of  o-nitrophenyl-P-D-galactopyranoside  (oNPG).  The 
reaction  mixture  contained  20  mM  oNPG  and  1  mM  MgCf>  in  potassium  phosphate 
buffer.  To  determine  the  activity  bound  to  the  surface,  the  samples  were  incubated  in  the 
reaction  mixture  with  gentle  agitation.  Periodically,  samples  of  the  reaction  mixture  were 
withdrawn  for  determination  of  A405.  One  enzyme  unit  (IU)  was  defined  as  the  amount  of 
enzyme  that  catalyzes  the  formation  of  1  pmol  of  product  per  minute  under  the  specified 
conditions. 

Enzyme  immobilization 

Immobilization  of  the  soluble  P-Galactosidase:  Immobilization  of  the  soluble  enzyme  on 
the  silicon  surface  was  carried  out  by  either  1)  immersion  or  2)  evaporation.  For 
immobilization  by  immersion;  activated  samples  were  incubated  with  0.08  IU/mL  (in  250 
pL)  at  25°C.  Periodically,  samples  of  the  supernatant  were  withdrawn  and  analyzed  for 
enzyme  activity.  After  2  hrs  of  incubation,  the  silicon  samples  were  thoroughly  rinsed 
and  stored  in  buffer  at  4°C. 
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For  immobilization  by  evaporation;  immobilization  was  performed  by  applying  the 
enzyme  solution  (10  pL  volume  containing  2  IU/mL)  directly  on  the  activated  surface  at 
25°C  for  15  min  until  completely  dry.  The  samples  were  then  rinsed  thoroughly  and 
stored  in  buffer  at  4°C. 

Silica  entrapment  of  [1-Galactosidase:  Silica-entrapment  was  performed  as  described 
previously  (Luckarift  et  al.  2004).  Enzyme  solutions  (0.5  ml)  containing  0.02  IU/mL  in 
potassium  phosphate  buffer  (25  mM,  pH  8.0)  were  mixed  with  0.125  mL  of  R5  peptide 
(100  mg/mL)  and  0.125  mL  of  hydrolyzed  tetramethyl  orthosilicate  (TMOS)  solution. 
The  TMOS  was  hydrolyzed  by  dilution  in  hydrochloric  acid  (1  mM)  to  a  final 
concentration  of  1  M.  The  particles  were  agitated  for  2  minutes  at  22°C,  collected  by 
centrifugation  for  10  seconds  (14,000  x  g)  and  then  washed  twice  in  phosphate  buffer 
before  use. 

Immobilization  of  the  silica  entrapped  enzyme  on  the  activated  samples:  To  attach  the 
silica  particles  to  the  amino-activated  surface,  the  silica-entrapment  was  perfonned 
directly  on  the  activated  surface.  Enzyme  solutions  (10  pL)  containing  2  IU/mL  in 
potassium  phosphate  buffer  (25  mM,  pH  8.0)  were  mixed  on  the  sample  surface  with  2.5 
pL  of  R5  (100  mg/mL)  and  2.5  pL  of  hydrolyzed  TMOS  solution.  After  the  silica 
precipitation  the  samples  were  washed  4  times  by  incubation  in  buffer  with  gentle 
agitation. 
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Loading  capacity  experiments 

The  loading  capacities  of  the  glutaraldehyde-activated  samples  with  soluble  enzyme  and 
the  amino-activated  samples  with  the  silica-entrapped  enzyme  were  determined  by 
immobilizing  increasing  concentrations  (2  to  20  UI/mL)  of  P-galactosidase,  as  described 
above. 

Detection  of  immobilized  fl -ga  l a  ctos  i  das  e  on  glutaraldehyde  activated  samples. 

Each  silicon  sample  was  incubated  with  2  mL  of  a  1/2000  dilution  of  monoclonal  anti-P- 
galactosidase  antibody  in  phosphate  buffered  saline  (PBS)  for  the  detection  of  native  or 
denatured  enzyme  molecules.  The  incubation  was  carried  out  for  3  hours  at  25°C. 
Samples  were  then  washed  thoroughly  with  PBS  and  further  incubated  with  a  1/2000 
dilution  of  secondary  antibody  (fluorescein  conjugated)  for  3  hours  at  25°C.  Samples 
were  washed  thoroughly  with  PBS  and  kept  in  the  same  buffer  at  4°C  for  further  analysis. 
Fluorescence  at  the  surface  was  imaged  on  a  Zeiss  Axiovert  200  microscope  equipped 
with  a  Zeiss  filter  set  #9  (EX:  BP  450-490,  FT  510,  EM:  LP  515).  Images  were  recorded 
using  a  Zeiss  Axiocam  MRc  digital  camera. 
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Results  and  Discussion 


Immobilization  of  soluble  P-galactosidase  to  silicon  samples 

A  silicon  wafer  surface  was  functionalized  with  APTS  and  glutaraldehyde  to  form 
a  layer  of  aldehyde  groups  which  react  with  the  amino  groups  of  p-galactosidase.  The 
glutaraldehyde-activated  samples  were  submerged  in  enzyme  solution  and 
immobilization  was  followed  by  measuring  activity  of  the  remaining  free  enzyme  in  the 
supernatant  (Figure  1).  Almost  89  %  (±  4.5)  of  the  initial  enzyme  activity  was 
immobilized  within  2  hours.  As  an  alternate  strategy,  immobilization  of  the  same  amount 
of  enzyme  could  be  achieved  by  using  evaporation  to  drive  immobilization.  The 
evaporation  method  significantly  reduced  the  incubation  time  required  for  complete 
immobilization  to  15  min  and  yielded  substantially  higher  immobilization  efficiencies 
consistent  with  previously  reported  values  for  the  immobilization  of  P-galactosidase  from 
E.  coli  (Pessela  et  al.  2007)  (Figure  2).  Non-specific  adsorption  of  enzyme  using  either 
method  was  18.5  %  (±  0.5).  Enzyme  attached  by  non-specific  binding,  however,  was 
readily  removed  by  washing. 

The  immobilization  of  P-galactosidase  through  glutaraldehyde  chemistry  was 
confirmed  by  fluorescence  microscopy  using  antigen-antibody  interactions  (Figure  3). 
Fluorescence  microscopy  showed  an  evenly  distributed  fluorescence  signal  in  the 
functionalized  samples  and  no  signal  for  a  negative  control  containing  a  non- 
functionalized  silicon  wafer  incubated  with  p-galactosidase  (Figures  3). 

Immobilization  efficiencies  of  approximately  60  %  (56.35  %  ±  6.16)  were 

obtained  for  enzyme  loadings  lower  than  0.06  IU  (Figure  4).  When  the  initial  P- 
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galactosidase  activity  was  increased  further,  a  percentage  of  the  activity  remained  in  the 
supernatant  due  to  saturation  of  the  surface,  which  decreased  the  immobilization  yield.  A 
maximum  loading  capacity  of  the  activated  silicon  samples  of  0.045  IU,  however,  was 
obtained  at  high  enzyme  concentrations  despite  the  lower  overall  immobilization  yield. 
(Figure  4). 

Immobilization  of  silica-encapsulated  /3-galactosidase  to  silicon  samples 

In  order  to  further  enhance  the  stability  and  loading  capacity  of  the  silicon 
samples  we  next  investigated  the  fonnation  of  3 -dimensional  silica-immobilized  enzymes 
directly  at  the  surface.  Because  amino  groups  are  critical  for  biological  silica  fonnation, 
we  explored  the  integration  of  amino  groups  from  a  functionalized  surface  with  the 
precipitation  of  silica  particles,  in  order  to  covalently  associate  silica-immobilized 
enzymes  directly  and  simultaneously  to  a  planar  surface.  Silicon  samples  were 
functionalized  with  amino  groups  by  activation  with  APTS  and  used  to  prepare  surface- 
immobilized  P-galactosidase.  The  biomimetic  procedure  for  silica-entrapment  of  enzymes 
(Luckarift  et  al.  2004)  was  performed  directly  on  the  surface  of  the  functionalized 
samples.  Silica  precipitation  occurred  rapidly  for  enzyme  concentrations  of  0.1  to  2  IU. 
No  activity  was  found  in  the  wash  fractions  following  immobilization.  The  strategy  led  to 
immobilization  of  3.5  times  more  enzyme  activity  than  in  the  glutaraldehyde-activated 
samples,  where  enzyme  attachment  was  most  likely  limited  to  a  surface-associated 
monolayer  (Figure  5). 
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The  amount  of  immobilized  enzyme  bound  to  the  silicon  surface  increased 
linearly  with  increasing  concentration  of  enzyme  in  the  reaction  solution.  The 
immobililzation  yield  of  the  resulting  samples,  however,  remained  constant  at  9.7  %  (± 
1.0)  irrespective  of  the  starting  concentration.  This  effect  was  not  observed  with  the  P- 
galactosidase  directly  bound  to  the  surface  through  glutaraldehyde  (Figure  5)  which 
reached  a  plateau  concentration  as  the  surface  became  saturated.  In  comparison, 
entrapment  of  enzyme  (even  at  higher  enzyme  concentrations)  yielded  45.3  %  (±  0.2) 
immobilization  efficiency  when  the  silica  particles  were  freely  suspended  in  buffer.  The 
low  activity  on  the  silicon  surface  is  therefore  attributed  to  mass  transfer  problems 
associated  with  diffusion  of  substrate  and  product  into  the  silica  particles  and  access  to 
the  enzyme’s  active  site.  This  limitation  has  been  previously  reported  in  the  design  of 
three  dimensional  structures  for  biosensors  (Charles  et  al.  2004). 

Silicon  samples  that  had  been  washed  but  not  activated  with  APTS  did  not  retain 
any  enzyme  activity  after  the  silica  deposition  step  indicating  that  the  APTS 
functionalization  was  essential  to  associate  the  silica  particles  to  the  surface.  SEM 
micrographs  of  the  silica-immobilized  enzyme  attached  to  the  silicon  samples  revealed  an 
uneven  coverage  by  a  three  dimensional  network  of  silica  particles  (Figure  6). 

Enzyme  stability  issues  are  always  of  high  significance  in  the  production  of  a 
stable  and  reproducible  biosensor.  Furthermore,  the  practical  application  of  otherwise 
interesting  putative  sensing  enzymes  is  often  hindered  by  their  poor  stability  (Kim  et  al. 
2006).  The  immobilization  of  enzymes  on  unusual  surfaces  and  especially  by  covalent 

attachment  is  sometimes  detrimental  to  the  stability  of  the  enzyme  (Brena  et  al.  2003). 
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The  immobilized  samples  prepared  herein  by  silica  deposition  retained  more  than  80%  of 
their  initial  activity  after  10  days  at  24°C.  Moreover,  the  activity  of  the  samples  remained 
unchanged  when  stored  at  4°C  for  more  than  4  weeks  (data  not  shown). 

Conclusions 

In  this  work  we  have  demonstrated  a  method  for  three-dimensional  enzyme 
immobilization  by  involvement  of  amino  groups  of  a  functionalized  silicon  surface  with 
the  biomimetic  reactions  used  to  deposit  silica.  Unlike  other  attempts  to  attached  silica 
particles  to  silicon  substrates,  where  extremely  high  temperatures  were  used  (900°C) 
(Zou  and  Yang  2006),  the  system  described  works  at  conditions  suited  to  the 
physiological  requirements  of  biomolecules.  In  addition,  immobilization,  attachment  and 
hence  stabilization  of  the  enzyme  occur  simultaneously  providing  a  simple  and  rapid 
method  for  preparation. 

The  use  of  silica  particles  to  build  a  3 -dimensional  structure  not  only  provides  an 
increased  capacity  for  the  immobilization  of  p-galactosidase  but  also  an  improved 
stability  of  the  sensor  molecule.  The  loading  capacities  obtained  demonstrate  the 
applicability  of  the  concept  for  biosensors  where  high  loadings  of  stable  sensing 
molecules  are  needed.  Analysis  of  the  silica-coatings,  however,  indicates  a  non-uniform 
deposition  of  silica  on  the  surface.  A  similar  observation  was  also  made  for  the  lysozyme- 
mediated  precipitation  of  silica  at  a  gold  surface  (Luckarift  2006b)  and  for  covalent 


immobilization  strategies  in  general  (Subramanian  et  al.  1999).  The  preliminary 
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technique  described  here  with  further  optimization  could,  however,  provide  significant 
enhancement  to  increase  the  sensitivity  of  biosensors  or  as  a  strategy  for  three 
dimensional  sensors  (Charles  et  al.  2004;  Rubina  et  al.  2004). 
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Legends  to  Figures 


Figure  1.  Time  course  of  p-galactosidase  immobilization  onto  glutaraldehyde- 
activated  samples 

Enzyme  activity  in  supernatant  (♦)  from  enzyme  incubated  by  immersion  with  silicon 
wafer;  Control  (•)  from  enzyme  activity  in  buffer.  Immobilization  (%)  =  activity  in  the 
supernatant  /  initial  activity  x  100 

Figure  2.  Immobilization  yield  obtained  by  various  immobilization  methods 

Immobilization  yield  (%)  =  activity  bound  to  the  sample  /  initial  activity  x  100 

Figure  3.  Detection  of  immobilized  p-galactosidase  by  fluorescence  microscopy 

Immobilized  samples  were  treated  sequentially  with  a  monoclonal  antibody  and  a 
secondary  FITC-conjugated  antibody.  A:  p-galactosidase  immobilized  to  a  functionalized 
silicon  sample.  B:  control  (non  functionalized  sample  incubated  with  P-galactosidase) 

Figure  4.  Loading  capacity  of  the  glutaraldehyde-activated  silicon  samples 

p-galactosidase  was  applied  to  a  glutaraldehyde  activated  sample  at  a  range  of 
concentrations.  Immobilization  yield  (%)  (■);  Immobilized  IU  (♦).  Immobilization 
yield  (%)  =  activity  bound  to  the  sample  /  initial  activity  x  100 
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Figure  5.  Loading  capacity  of  functionalized  silicon  samples  upon  silica-enzyme 
entrapment 

Immobilization  of  P-galactosidase  on  glutaraldehyde-activated  samples  (■); 
Immobilization  of  silica  entrapped  P  -galactosidase  on  amino-activated  samples  (♦) 

Figure  6.  SEM  micrographs  of  silica  entrapped  p-galactosidase  on  amino-activated 
samples.  A,  B  and  C  show  different  areas  of  the  immobilized  samples.  Samples  were 
sputter  coated  with  gold  before  analysis. 
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Figure  3 
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Figure  6 
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